Introduction
Halogen bonding is now a well-established and intensively studied intermolecular interaction that has also been used in the preparation of functional materials (Cavallo et al., 2016; Gilday et al., 2015) . While polyfluoroiodo-and polyfluorobromobenzenes have been widely used as aromatic halogenbond donors, there have been very few studies of iodoimidazoles with regard to halogen bonding. Indeed, a search of the Cambridge Structural Database (CSD; Version 5.37; Groom et al., 2016) using Conquest (Bruno et al., 2002) revealed 74 examples involving iodoimidazoles. It is noteworthy, however, that only 18 of the 74 structures contained neutral iodinated imidazole derivatives. Furthermore, 14 of these 18 structures do not exhibit any close contacts to the I atoms. The structures of five neutral N-unsubstituted iodoimidazoles are dominated by N-HÁ Á ÁN hydrogen bonds [refcodes BOWREM, BOWRUC and BOWSAJ (Andrzejewski et al., 2015) , GARJUG (Chlupatý et al., 2012) , and WISBUL (Ding et al., 2012) ] and one structure features N-HÁ Á ÁO hydrogen bonds (KOZLIW; Jansa et al., 2015) , while seven more sterically hindered imidazole derivatives do not display any major intermolecular interactions and the threedimensional structures presumably have controlled close packing based on size, shape, and polarity [GOGYOR (Delest et al., 2008) , IGUANM (Al-Mukhtar & Wilson, 1978) , KIRYEQ (Poverlein et al., 2007) , UJOCIF (Tschamber et al., 2003) , NUCRAE (Phillips et al., 1997) , UNIFUS (Terinek & Vasella, 2003) , and UXOXOV (Li et al., 2011) ]. In contrast, three unhindered N-substituted iodoimidazoles do display C-IÁ Á ÁN halogen bonding as the major intermolecular interaction [BEQWEB (Mukai & Nishikawa, 2013) , GOGYIL ISSN 2053 ISSN -2296 # 2017 International Union of Crystallography (Delest et al., 2008) and HUDSUW (Byrne, 2015) ]. A particularly striking example is the identification of a trimeric halogen-bonded unit by Mukai & Nishikawa (2013) . The reported halogen bonds have NÁ Á ÁI distances between 2.884 and 2.953 Å , corresponding to 81.7-83.7% of the sum of the van der Waals radii of 3.53 Å (Bondi, 1964) , and are essentially linear, with C-IÁ Á ÁN angles between 171. 38 and 174.86 . In this study, we present the structures of three iodoimidazole derivatives, namely 1-benzyl-2-iodo-1H-imidazole, (1), 1-benzyl-4-iodo-1H-imidazole, (2), and 1-benzyl-2-iodo-1H-benzimidazole, (3), and discuss the intermolecular halogenbonding interactions and other nonbonding interactions that dominate the crystal structures.
Experimental
2.1. Synthesis and crystallization 2.1.1. 1-Benzyl-2-iodo-1H-imidazole, (1). 1-Benzyl-1H-imidazole was synthesized according to the procedure of Salvio et al. (2011) . Compound (1) was synthesized from 1-benzyl-1H-imidazole using a modification of the procedure of de Figueiredo (2007) . Thus, 1-benzyl-1H-imidazole (2 g, 12.64 mmol) and anhydrous tetrahydrofuran (35 ml) were added to a three-necked 250 ml round-bottomed flask under an argon atmosphere. The mixture was cooled to 195 K and stirred at this temperature for 7 min. 1.6 M n-BuLi (8 ml, 12.64 mmol, 1 equivalent) was added dropwise over a period of 2 mins and the resultant mixture stirred at 195 K for 45 min. Iodine (4.81 g, 18.96 mmol, 1.5 equivalents) was crushed and added to the stirred mixture. The cooling bath was removed and the mixture stirred at room temperature for 3 h under argon. The mixture was extracted with CH 2 Cl 2 (300 ml) and the excess I 2 was quenched with 10% Na 2 SO 3 (200 ml). The organic layer was separated, washed twice with H 2 O (200 ml) and twice with brine (200 ml), and then dried over Na 2 SO 4 . The solvent was removed in vacuo and the crude product purified by flash column chromatography using a 10:1 (v/v) mixture of hexane and ethyl acetate to afford 2.23 g of the compound as a white solid (yield 7.85 mmol, 62%). R F = 0.27 (hexane/EtOAc, 2:1 v/v). The solid was crystallized from a 9:1 (v/v) mixture of hexane and ethyl acetate to give white needle- (Bruker, 2014) , SAINT (Bruker, 2014) , SHELXT (Sheldrick, 2015a) , SHELXL2014 (Sheldrick, 2015b) and X-SEED (Barbour, 2001 2.1.2. 1-Benzyl-4-iodo-1H-imidazole, (2). Compound (2) was synthesized from commercially available 4-iodo-1H-imidazole using a similar procedure to that used to synthesize 1-benzyl-1H-imidazole (see Supporting information).
2.1.3. 1-Benzyl-2-iodo-1H-benzimidazole, (3). 1-Benzyl-1H-benzimidazole and the iodinated compound (3) were synthesized using the modified procedure used for the preparation of (1) (see Supporting information).
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . All H atoms were treated as riding atoms in geometrically idealized positions, with C-H = 0.95 (aromatic) or 0.98 Å (methylene) and U iso (H) = kU iso (C), where k = 1.5 for the methylene group and 1.2 for all aromatic H atoms. The correct absolute configuration for the molecules of compound (1) in the crystal selected for data collection was determined by the Flack x parameter (Flack, 1983) of À0.002 (13) by a classical fit to all intensities and was calculated using 913 quotients
Electrostatic potential calculations
All molecules were geometry optimized using the Spartan'10 (Wavefunction, 2010) molecular modeling program with density functional theory (DFT) at the B3LYP/6-311+G** level, and the corresponding molecular electrostatic potential energy surface was determined also using Spartan'10. The initial geometry for the optimization corresponded to that observed in the corresponding crystal structure. In the optimized geometry (gas phase), the benzyl group is rotated relative to the imidazole ring and minor conformation-based differences in the electrostatic potentials may be expected between the two conformations. The differences between the observed conformation and the optimized conformation of each of (1), (2), and (3) are collected in Table  S1 in the Supporting information.
Results and discussion
The asymmetric unit of the X-ray structure of (1) contains a single molecule. The phenyl group is essentially orthogonal to the imidazole group, with a dihedral angle between the planes defined by the phenyl C atoms and the imidazole N and C atoms of 84
. Phenyl atom H6 is positioned above imidazole atom N1, with an N1-C4-C5-C6 torsion angle of 13.0 (4) and an H6Á Á ÁN1 distance of 2.58 Å , compared to the sum of the van der Waals radii of 2.75 Å (Bondi, 1964) . There is also a close contact between one of the benzyl H atoms and the I atom, with an H4BÁ Á ÁI1 distance of 3.04 Å , compared to the sum of the van der Waals radii of 3.18 Å . The three-dimensional structure of (1) features an imidazole NÁ Á ÁI halogen bond, as shown in Fig. 1 . The N2Á Á ÁI1 i distance [symmetry code: (i) x À 1 2 , Ày + 1 2 , Àz + 1] is 2.8765 (2) Å , which is 81% of the sum of the van der Waals radii of 3.53 Å (Bondi, 1964) . The halogen bond is almost linear, with a C-IÁ Á ÁN angle of 174.42 (9) . Linear one-dimensional ribbons of zigzag halogen-bonded molecules of (1) dominate the three-dimensional structure, as shown in Fig. 2 . These one-dimensional ribbons run parallel to the a axis and are close packed with no other significant intermolecular interactions.
The X-ray structure of (2) also contains a single molecule in the asymmetric unit having a bent shape. The phenyl group is also almost orthogonal to the imidazole group, with a dihedral angle between the planes defined by the phenyl and imidazole rings of 84
. The phenyl ring is not oriented above the imidazole ring; the C6-C5-C4-N1 torsion angle is À52.0 (2)
. The three-dimensional structure has a weak iodo-interaction involving the pendant phenyl ring of an The molecular structure of (1), showing the imidazole NÁ Á ÁI halogen bond (dashed line). Displacement ellipsoids for the non-H atoms are drawn at the 50% probability level.
Figure 2
The one-dimensional zigzag halogen-bonded ribbon of molecules in the single-crystal X-ray structure of (1). adjacent molecule that results in the formation of C-IÁ Á Á halogen-bonded dimers, as shown in Fig. 3 .
In the C-IÁ Á Á-bonded dimer of (2), the C-I bond is directed towards phenyl atoms C7 i and C8 i [symmetry code: (i) Àx + 1, Ày + 1, Àz + 2] of an adjacent molecule, with I1Á Á ÁC7 i and I1Á Á ÁC8 i distances of 3.551 (2) and 3.5534 (2) Å , respectively, both approximately 96% of the sum of the van der Waals radii of 3.68 Å (Bondi, 1964) . The C2-I1Á Á ÁC7
i and C2-I1Á Á ÁC8 i angles are 152.99 (1) and 171.24 (1) , respectively. The C-IÁ Á ÁCg1 i distance is 3.5861 (2) Å (Cg1 is the centroid of the C5-C10 phenyl ring) and the C-IÁ Á ÁCg1 i angle is 162.82 (1) . There are two other close contacts in the three-dimensional structure of (2). One of these is a nonconventional C-HÁ Á ÁN hydrogen bond between atom N2 and a benzylic H atom of an adjacent molecule, with an N2Á Á ÁH4B ii [symmetry code: (ii) x, y À 1, z] distance of 2.55 Å , which is 93% of the sum of the van der Waals radii of 2.75 Å (Bondi, 1964) ; the C-HÁ Á ÁN angle is 158
. There is a close HÁ Á ÁH contact of 2.26 Å between atoms H4A and H7
iii [symmetry code: (iii) Àx + The molecular structure of (2), showing (a) the atom labeling and the C-IÁ Á Á(phenyl) interactions (dashed lines), with displacement ellipsoids drawn at the 50% probability level, and (b) a space-filling model.
Figure 4
The structure of the C-IÁ Á Á halogen-bonded dimers formed in the structure of (3), showing (a) the atom labeling and the C-IÁ Á Á(phenyl) interactions (dashed lines), with displacement ellipsoids drawn at the 50% probability level, and (b) a space-filling model.
Figure 5
A partial view of the three-dimensional packing of (3), viewed along the a axis. The C-IÁ Á Á interaction is labeled as I, the C-HÁ Á Á interactions are labeled as x, y and z, and the -stacking is labeled as .
The structure of (3) also contains a single molecule in the asymmetric unit, with a dihedral angle between the imidazole and benzyl rings of 86
. In this structure, phenyl atom H9 is positioned above atom N1, with an N1-C8-C9-C14 torsion angle of À13.4 (2)
. There is also a C-IÁ Á Á interaction to the phenyl ring of an adjacent molecule, resulting in a C-IÁ Á Á-bonded molecular dimeric motif similar to that observed in (2) (Fig. 4) .
In the C-IÁ Á Á-bonded dimer of (3), the C-I bond is directed towards phenyl atom C13 i [symmetry code: (i) Àx + 1, Ày + 1, Àz] of the adjacent molecule, with a C1-I1Á Á ÁC13 i angle of 178.66 (1) and an I3Á Á ÁC13 i distance of 3.3929 (4) Å . This distance is 92% of the sum of the van der Waals radii of 3.68 Å (Bondi, 1964) . The C-IÁ Á ÁCg1 i distance is 3.4562 (4) Å (Cg1 is the centroid of the C9-C14 phenyl ring) and the C-IÁ Á ÁCg1 i angle is 156.94 (1) . There is an intramolecular C-HÁ Á Á interaction since benzyl atom H14 lies above the imidazole ring, with an N1-C8-C9-C14 torsion angle of À13. 4 (2) . This interaction is labeled 'x' in Fig. 5 . The H14Á Á ÁN1 distance is 2.51 Å and the C14-H14Á Á ÁN1 angle is 101
. The H14Á Á ÁCg2 distance is 2.82 Å (Cg2 is the centroid of the N1/C1/N2/C2/C7 imidazole ring) and the C14-H14Á Á ÁCg2 angle is 125 . The three-dimensional packing of (3) involves multiple cohesive interactions, namely two intermolecular C-HÁ Á Á interactions and two -interactions. Benzimidazole atom H5 is involved in a C-HÁ Á Á interaction with the pendant phenyl ring, labeled 'y' in Fig. 5 ; the H5Á Á ÁCg1
ii distance is 2.78 Å and the C-HÁ Á ÁCg1
ii angle is 149 [Cg1 is the centroid of C9-C14 ring; symmetry code: (ii) Àx + 2, Ày + 1, Àz + 1]. Benzyl atom H13 is involved in an interaction with the benzimidazole benzene ring, labeled 'z' in Fig. 5 , with an H13Á Á ÁCg3
iii distance of 2.94 Å and a C13-H13Á Á ÁCg3 iii angle of 141
[Cg3 is the centroid of the benzimidazole C2-C7 ring; symmetry code: (iii) x, y + 1, z]. The benzimidazole groups are alternately -stacked (labeled in Fig. 5) , with the benzene rings overlaid and slightly offset. The Cg3Á Á ÁCg3 iv distance is 4.5536 (6) Å , the perpendicular distance between the benzene rings is 4.3405 Å and the slippage is 1.377 Å [symmetry code: (iv) Àx + 1, Ày + 1, Àz + 1].
In order to place these C-IÁ Á ÁN and C-IÁ Á Á interactions in context, two searches of the Cambridge Structural Database (CSD, Version 5.37; Groom et al., 2016) using Conquest (Bruno et al., 2002) were made. The first search, for crystal structures containing C-IÁ Á ÁN contacts with IÁ Á ÁN distances equal to or less than the sum of the van der Waals radii (3.53 Å ), yielded 763 structures with a total of 1082 contacts that met the criteria. Several of these structures corresponded to parallel-displaced -stacked aromatics, with very short contacts and C-IÁ Á ÁN angles less than 90 , which we deemed as significantly different to not include in the analysis. Accordingly, the search was modified to include those structures in which the C-IÁ Á ÁN angle was between 120 and 180 , resulting in 752 structures with 1058 distinct interactions that are displayed in the scatterplot of NÁ Á ÁI distance versus C-IÁ Á ÁN angle in Fig. 6 . The NÁ Á ÁI distance reported here for (1) [2.876 (3) Å ] is less than the median (2.973 Å ) of the 1058 reported NÁ Á ÁI distances and is clearly in the group of shorter C-IÁ Á ÁN interactions. The almost linear C-IÁ Á ÁN angle is consistent with the majority of the shorter NÁ Á ÁI distances which are clustered at C-IÁ Á ÁN angles above 165 . The second search of the CSD using Conquest probed C-IÁ Á Á interactions specifically between an I atom bonded to carbon and a benzene ring as the -system in which the IÁ Á ÁCg (Cg is the centroid of the benzene ring) distance was less than 3.68 Å (the sum of the van der Waals radii of C and I) and the C-IÁ Á Á angles were between 120 and 180 . The restrictive angle was chosen to exclude parallel-displaced -stacked systems. The shortest C-IÁ Á ÁCg distance from the search (3.215 Å ) was recorded from a crystal of 2-(2-fluoropyridin-3-yl)-2-(4-iodophenyl)-2H- Figure 6 A scatterplot of the NÁ Á ÁI distances and C-IÁ Á ÁN angles corresponding to all results of a search of the CSD using Conquest for C-IÁ Á ÁN contacts with an IÁ Á ÁN distance less than or equal to 3.53 Å , i.e. the sum of the van der Waals radii, and an C-IÁ Á ÁN angle between 120 and 180 .
Figure 7
A scatterplot showing the C-IÁ Á ÁCg contacts (Cg is the centroid of the benzene ring) to benzene derivatives, with an IÁ Á ÁCg distance less than or equal to 3.68 Å , i.e. the sum of the van der Waals radii, and an C-IÁ Á ÁCg angle between 120 and 180 .
quinolone under a pressure of 4.88 GPa at ambient temperature (Wesela-Bauman et al., 2014) . In fact, four of the five shortest C-IÁ Á ÁCg distances reported correspond to that study. The C-IÁ Á ÁCg distance for the same compound at 100 K and under atmospheric pressure is 3.525 Å . Accordingly, the data corresponding to pressurized crystals from that study are not included in the scatterplot of IÁ Á ÁCg distances versus C-IÁ Á ÁCg angles displayed in Fig. 7 . The shortest C-IÁ Á ÁCg distance of 3.272 Å in Fig. 7 corresponds to the structure of the p-xylene solvate of hexakis(4-iodophenyl)benzene that includes an iodo-interaction between one of the iodobenzene molecules and the included p-xylene solvent molecule (Kobayashi et al., 2005) . The next six close contacts have C-IÁ Á ÁCg distances between 3.376 and 3.400 Å . The C-IÁ Á ÁCg distance of 3.4562 (4) Å reported here for (3) is clearly amongst the shorter C-IÁ Á ÁCg distances reported to date.
In order to better understand the halogen-bonding behavior of (1), (2), and (3), the molecular electrostatic potentials of these three compounds were calculated and the plots showing the molecular electrostatic potential surfaces are shown in Fig. 8 .
The calculated positive electrostatic potential associated with the positive -hole on the I atom of compounds (1), (2), and (3) were determined to be 123, 81, and 129 kJ mol À1 , respectively. These modest values associated with the positive -hole are considerably lower than the values reported for the better known halogen-bond donors. For example, iodopentafluorobenzene has a calculated positive electrostatic potential associated with the -hole on the I atom of 166 kJ mol À1 (Aakerö y et al., 2014). The positive electrostatic potential associated with the -hole on the I atom of 1,3,5-triiodo-2,4,6-trinitrobenzene has recently been reported as 213 kJ mol À1 , which is the most positive value calculated to date (Goud et al., 2016) . Nevertheless, the 2-iodoimidazole derivatives are distinctly better halogen-bond donors than iodobenzene, with a calculated electrostatic potential of 103 kJ mol À1 (Aakerö y et al., 2014), while the 4-iodoimidazole derivative is a poorer halogen-bond acceptor than iodobenzene. The negative electrostatic potential on the unsubstituted N atom of compounds (1), (2), and (3) are À204, À210, and À193 kJ mol
À1
, respectively. These values are similar to the values reported for a series of N-substituted imidazole derivatives (Aakerö y et al., 2016). Thus, while the relatively weak halogen-bonding interaction of (2) can be ascribed to the low positive electrostatic potential on the I atom, rationalizing the other two results is difficult. The conundrum is that compounds (1) and (3) have similar halogen-bond-donor properties and similar halogen-bond-acceptor properties on the unsubstituted imidazole N atom, yet form different types of halogen bonds (C-IÁ Á ÁN versus C-IÁ Á Á).
In conclusion, we have demonstrated that 2-iodoimidazoles are effective halogen-bond donors and acceptors and may form C-IÁ Á ÁN or C-IÁ Á Á halogen bonds but we are, as yet, unable to rationalize the factors that control the type of halogen bonding. In our future work, we plan to explore intraand intermolecular C-IÁ Á Á interactions. For all structures, data collection: SMART (Bruker, 2014 ); cell refinement: SMART (Bruker, 2014) ; data reduction: SAINT (Bruker, 2014 ); program(s) used to solve structure: SHELXT (Sheldrick, 2015a); program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015b); molecular graphics: X-SEED (Barbour, 2001) ; software used to prepare material for publication: X-SEED (Barbour, 2001 ).
1-Benzyl-2-iodo-1H-imidazole (1)
Crystal data 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (
106.5 (3) C7-C8-H2 120.2 C2-C3-H9 126.8 C9-C8-H2 120.2 N1-C3-H9 126.8 C10-C9-C8 119.8 (3) N1-C4-C5 114.8 (2) C10-C9-H5 120.1 N1-C4-H7
108.6 C8-C9-H5 120.1 C5-C4-H7
108.6 C9-C10-C5 120.9 (3) N1-C4-H8
108.6 C9-C10-H6 119.5 C5-C4-H8
108.6 C5-C10-H6 119.5 H7-C4-H8 107.5
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1-Benzyl-4-iodo-1H-benzimidazole (2)
Crystal data Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (

1-Benzyl-2-iodo-1H-benzimidazole (3)
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (
